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論文要旨 
In quantum chromodynamics (QCD), contemporary perturbative computations reach well beyond 
leading order (LO) thanks to the development of loop calculation techniques. For instance, the 
perturbative series for the R-ratio in e+e- collisions, which describes the cross-section for e+e- → 
hadrons, is calculated up to 5-loops. Last year, the 5-loop β-function was obtained, which promotes 
further higher order computations. Owing to these developments, perturbative predictions are 
becoming more and more accurate. 
 However, in fact, precision of perturbative predictions is expected to be limited in near future. 
Perturbative series is considered to give only an approximation of the exact value, and the current 
errors of some perturbative predictions are close to an inevitable uncertainty known as a 
renormalon uncertainty. Generally, renormalon uncertainties are attributed to the infrared (IR) 
contribution, where perturbation theory does not work well. 
 The operator product expansion (OPE) has been known as a good framework to overcome 
renormalon uncertainties. In OPE, one expands an observable not in the strong coupling αs but in 
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1/Q: 
X(Q2) = C1(Q2) + CO1＜0|O1|0＞/ Qd1 + … , 
where X is dimensionless and Q is a typical scale of the observable assumed to be much higher than 
the dynamical scale of QCD, i.e., Q >>ΛQCD. The LO term C1 is evaluated in perturbation theory, 
and it has renormalon uncertainties. In particular, the leading renormalon uncertainty is O((Λ
QCD/Q)d1). The NLO term has the nonperturbative matrix element of an operator O1 (whose mass 
dimension is d1) accompanied by Q-d1. The nonperturbative matrix element also has renormalon 
uncertainties, and the leading renormalon uncertainty of the NLO term cancels that of the LO term 
C1. Hence, OPE gives a prediction free from renormalon uncertainties in principle. 
 However, the value of the nonperturbative matrix element ＜0|O1|0＞ is unknown, and thus, a 
prediction overcoming the leading renormalon uncertainty has not been obtained practically. One 
may expect that the unpredictable part ＜0|O1|0＞ can be extracted numerically by comparing 
the OPE prediction with an observation of X. We notice that since ＜0|O1|0＞ commonly appears 
in the NLO term in OPE, once it is determined, the NLO predictions are obtained for many 
observables. However, the above numerical determination is ruined by the leading renormalon 
uncertainty of C1, which is the same size as the term that we want to determine. 
 In this thesis, we propose a formulation to separate C1 into its renormalon uncertainties and 
renormalon free part. By this, we can obtain an unambiguous prediction at LO in OPE. In addition, 
by including the leading renormalon uncertainty into the NLO term, the nonperturbative matrix 
element ＜0|O1|0＞ is also defined in a renormalon free way. It provides a foundation to 
determine ＜0|O1|0＞ numerically based on the OPE prediction. 
 Our formulation can be applied for a general observable (which depends on a single kinematical 
variable) and is a generalization of the formulation which has been developed for the static QCD 
potential. The formulation is based on the so-called large-β0 approximation to evaluate C1 in 
perturbation theory. The achievements are as follows. 
 A renormalon free part is represented in a (semi-)analytic form with respect to Q2, which is 
compatible with the required analyticity from perturbative QCD. 
 A non-trivial power dependence on ΛQCD/Q which is independent of renormalon uncertainties 
is revealed. In particular, we support the existence of such a term by an argument based on 
analyticity of an observable. 
 By including the leading renormalon uncertainty into the NLO term, the nonperturbative 
matrix element ＜0|O1|0＞ is defined in a renormalon free way. This gives a foundation to 
determine ＜0|O1|0＞ numerically, which enables us to give a prediction beyond 
perturbation theory. 
 As an application of the above formulation, we determine the strong coupling αs. Owing to the 
renormalon subtracting formulation, the analysis is basically free from the problem of renormalon 
uncertainties. The strong coupling αs is one of the fundamental parameters in the standard model 
(SM). The current world average is given by αs (MZ2)=0.1181±0.0011 by the Particle Data Group 
(PDG).  
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Its error is 0.9%, from which some predictions for cross-sections studied at the Large Hadron 
Collider suffer. Thus, to improve the sensitivity to new physics beyond SM, a more accurate αs is 
demanded. 
 We use the static QCD potential to determineαs, which describes the energy between the heavy 
quark and its anti-quark. We perform matching of the OPE prediction with new lattice data which 
is obtained from the configurations of the JLQCD group. There are some theoretical advantages to 
use the static QCD potential. First, we do not need to rely on the large-β0 approximation, which is 
accurate only at leading-logarithmic level. Namely, we can subtract renormalon uncertainties based 
on the exact result of the perturbative series. Secondly, the perturbative result is available up to 
O(αs4). Hence, the higher order correction to our theoretical prediction is specified by O(αs５), 
which is fairly small. These facts allow us to use a precise prediction for the static QCD potential. 
 To determineαs, we perform the following two analyses. In the first analysis, we compare the 
OPE prediction with lattice results in the continuum limit. The lattice data is extrapolated to the 
continuum limit in this thesis. We confirm that the lattice data can be smoothly extrapolated to the 
continuum limit and the renormalon subtracted prediction for C1 is consistent with the OPE 
structure. The determination leads to 
αs(MZ2) = 0.1167±0.0011(stat.)+0.0014/-0.0012(h.o.)±0.0009 (finite a) 
                    ±0.0023 (distance)±0.0003 (model fn.)±0.0001(IR div.) . 
In the second analysis, we perform a global fit without extrapolating the lattice data to the 
continuum limit. The strong point of this analysis is to remove a model dependence to analyze 
lattice data. In a global fit, details of intermediate analyses are not looked into, which is 
supplemented by the first analysis. The second analysis can reduce both statistical and systematic 
errors and we obtain 
αs(MZ2)=0.1178±0.0006 (stat.)+0.0014/-0.0012(h.o.)±0.0002(finite a) 
       +0.0005/-0.0004(distance)±0.0001(IR div.) . 
The error size of αs in the second analysis is comparable to the PDG error. 
 We emphasize that the theoretical error is expected to reduce monotonically as the order of 
perturbative expansion grows, thanks to renormalon subtraction in the OPE framework. This 
cannot be achieved by using perturbative result straightforwardly. We expect that our method to 
determine αs becomes more beneficial in future.  
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論文審査の結果の要旨 
 
 高浦さんは博士論文において、演算子積展開(OPE)を用いて摂動 QCD の予言からリノーマロンを
除去する新しい方法の開発と、その応用として基礎物理定数αs の決定の研究を行なった。 
現代の素粒子実験の解析において、QCD による理論予言の高精度化が必要不可欠の課題となっ
ている。その予言の摂動 QCD 部分に含まれるリノーマロン不定性が、近年無視できなくなりつつ
ある。また QCD 理論予言の高精度化において、αs の高精度決定は基幹部分をなす。 
 高浦さんは博士論文の前半で、QCD の物理量に対する UV の寄与の分離を OPE の枠内で行ない、
リノーマロンを系統的に除去する方法を開発した。これは他２名との共同研究であるが、高浦さ
んは物理量の解析性に着目して理論を整備し、特に特定のスキームの優位性を特徴づけることに
成功した。また博士論文の後半ではこの方法をαs 決定に応用した。QCD ポテンシャルの摂動計算
と格子 QCD 計算結果の比較を用いた。この研究は他３名との共同研究であるが、高浦さんはその
ほとんどの解析を独りで行なった。格子 QCD 分野へのインパクトという観点では、初めて「OPE
に基づいて、かつリノーマロン不定性を除く解析手法」を提示したものとなり、信頼性の高い良
質のαs 決定となっている。高浦さんは論理構成能力に優れ、また原理原則を大切にするので、
その特徴が生きた解析になった。 
 本博士論文において特に高く評価される点は、難解なリノーマロン問題を明瞭に理解・説明で
きていること、αs の誤差評価が(他の決定法と比べて)客観的で明解であること、現象論的な応
用価値が高いことなどである。 
2018 年 2 月 1 日に、学位論文に基づき、高浦さんは 5 名の審査委員の前で堂々と自分の研究に
ついて発表を行なった。博士学位論文の内容について 40 分の講演は非常に明快であり、その後で
出た質問に対しても適切に答えていた。 
このように高浦さんは自立して研究活動を行うに必要な高度の研究能力と学識を有すること
を示している。したがって、高浦大雅さん提出の博士論文は、博士（理学）の学位論文として合
格と認める。 
 
 
 
 
 
 
 
 
 
